Abstract Acinetobacter baumannii is an important nosocomial pathogen in civilian intensive care units. Recently the incidence has increased in wounded military personnel. Morphine is documented in numerous animal studies to be immunosuppressive and to sensitize to infection. The hypotheses were tested that morphine, administered for analgesia in the battlefield, predisposes to Acinetobacter infection, and that the opioid may have an additive or synergistic effect with trauma. To test these hypotheses, an intraperitoneal infection model was established in mice using several Acinetobacter strains. Morphine administered for 48 h by implantation of a slow-release morphine pellet increased mortality compared to animals receiving a placebo pellet, an effect that was blocked by the muopioid receptor antagonist, naltrexone. Acinetobacter burdens in the blood, spleens, livers, and lungs of morphinetreated mice, were significantly higher than those in placebo-treated animals, confirming that mortality was due to potentiated growth of the bacteria. There were also elevated levels of pro-inflammatory cytokines in morphinetreated versus placebo-treated mice. Morphine caused a reduction in the total number of cells in the peritoneal cavity, a decrease in the percentage and total numbers of neutrophils, and a decrease in the total number of macrophages. Morphine treatment also suppressed levels of the neutrophil-inducing molecules, IL-17A and KC/CXCL1. However, IL-17A −/− mice given morphine were not sensitized to Acintobacter infection to a greater degree than similarly treated wild-type mice. Trauma alone did not sensitize to Acinetobacter infection, and there was no additive effect between morphine and trauma. These results support the hypothesis that morphine potentiates Acinetobacter infection.
Introduction
Acinetobacter baumannii is an emerging Gram-negative pathogen primarily associated with nosocomial infections, especially in intensive care units (Towner 2009; Vincent et al. 2009; Kang et al. 2010; Boucher et al. 2009; Scott 2004) . Recently, an increased incidence of multiply-drug resistant (MDR) Acinetobacter infections have been asso-ciated with war-related trauma in military personnel (Petersen et al. 2007; Scott et al. 2007; Scott 2004) . Acinetobacter most frequently causes wound infections, pneumonia, bacteremia and urinary tract infections. Bacteremia in particular has emerged as a rising problem in military and civilian populations. Between 2002 and 2004 there was a significant increase in multiply drug resistant A. baumannii isolated from blood of military personnel returning from combat in Iraq and Afghanistan (Scott 2004) . In a large study of civilian hospitals in the U.S., A. baumannii ranked as the tenth most common isolate in nosocomial bloodstream infections during the period 1995-2002, accounting for 1.3% of ICU bacteremias with a mortality rate over 34% (Wisplinghoff et al. 2004) . This organism has emerged as a major nosocomial pathogen due to its ability to survive for long periods of time in the hospital environment, and because of development of MDR organisms, making treatment difficult and leading to a high mortality rate (Towner 2009; Wendt et al. 1997; Dijkshoorn et al. 2007; Scott et al. 2007) . Epidemiologic studies have shown that MDR Acinetobacter infections are associated with longer hospital stays, with a positive correlation between longer ICU stays and mortality (Kang et al. 2010; Boucher et al. 2009 ). While the antibiotic resistance patterns of A. baumannii have been widely studied, the host-immune mechanisms required to combat the pathogen are understudied. Several models of Acinetobacter pneumonia have been developed to examine innate immune parameters and/or antibiotic resistance during infection (Van Faassen et al. 2007; BernabeuWittel et al. 2005; Renckens et al. 2006; Russo et al. 2008; Joly-Guillou et al. 1997 ). To date, there are no studies in the literature documenting the innate immune responses to systemic, intraperitoneal infection with A. baumannii, which can be considered a model for sepsis.
Morphine is commonly given to injured soldiers on the battlefield and it is also used in ICUs. There is a clinical literature linking opioid use to increased infections (Hussey and Katz 1950; Louria et al. 1967; Rogers et al. 2005 ). There is a strong intersection between intravenous drug abuse and HIV infection (Centers for Disease Control and Prevention 2006; Horsburgh et al. 1989; McCoy et al. 1998) . One explanation for the association of infections with opioid use is self-infection with dirty needles. It is also possible that morphine itself may sensitize to infection. In fact, morphine has been shown in laboratory studies to sensitize to several pathogens including Salmonella typhimurium (MacFarlane et al. 2000) , Klebsiella pneumoniae (Tubaro et al. 1983) , Toxoplasma gondii (Chao et al. 1990) , and Streptococcus pneumonia (Wang et al. 2008; Ma et al. 2010) , as well as Candida albicans (Tubaro et al. 1983) , Leishmania donovani (Singh and Singal 2007; Singal et al. 2002) , and herpes simplex virus-1 (Lioy et al. 2006; Mojadadi et al. 2009 ). Morphine has also been shown to suppress immune function when given in vivo or when added in vitro to leukocytes, affecting a variety of endpoints including, among others, Natural Killer cell activity (Shavit et al. 1986; Weber and Pert 1989) , macrophage phagocytosis (Casellas et al. 1991; Szabo et al. 1993) , and antibody production Vassou et al. 2008 ). An anticipated consequence of immunosuppression would be increased sensitization to infection.
The increased incidence of Acinetobacter infections in the battlefield arena has frequently occurred in severely wounded soldiers. There is a robust literature showing that trauma and surgery can lead to immunosuppression (McCarter et al. 1998; Monroy et al. 2007; Angele and Chaudry 2005; Kimura et al. 2010 ). The current study tested the hypothesis that morphine sensitizes to systemic A. baumannii infection and investigated whether morphine and trauma had additive effects. It was found that mice implanted with slow release morphine pellets followed by intraperitoneal infection with A. baumannii, had increased bacterial burdens in blood and organs, greater pro-inflammatory cytokine levels, and increased mortality in comparison to placebo treated controls. Trauma did not increase morphine-induced sensitization to Acinetobacter infection. The rapidity of infection suggested that host defense was dependent upon innate immune factors. Morphine was shown to suppress the percentage and total number of cells in the peritoneal cavity 12 h post-infection. The role of IL-17A, a cytokine that induces a chemokine, KC/CXCL1, that is active in recruiting neutrophils, was investigated in morphine treated mice.
Materials and methods
Animals Specific pathogen-free, female or male, six to eight week-old C57BL/6J and C3HeB/FeJ mice were purchased from Jackson Laboratories (Bar Harbor, ME). Mice with a genetic disruption of the IL-17A gene, (IL-17a −/− knockout (KO)) mice, were obtained from Dr. Jay Kolls (LSU School of Medicine), with the permission of Dr. Yoishiro Iwakura (The Institute of Medical Science, the University of Tokyo, Japan), who originally developed these animals (Nakae et al. 2002) . All IL-17a −/− and age-matched wild type (WT)
littermates were bred and maintained in the Central Animal Facility of Temple University. Purchased animals were allowed to acclimate for at least 1 week before use. Rodent chow (Purina, St. Louis) and fresh water were available ad libitum. Animals were housed in the Central Animal Facility. All experiments were carried out with the approval of the Institutional Animal Care and Use Committee at Temple University.
Reagents Opioid agonists and antagonists were provided by The National Institute on Drug Abuse (NIDA; Rockville, MD). These included 25 and 75 mg extended release morphine pellets, 30 mg naltrexone pellets, and placebo pellets.
Acinetobacter baumannii Clinical strains of A. baumannii: 4502, 5798, and 6143 were provided by Colonel David Craft (Walter Reed Army Institute of Research, Silver Spring, MD). Organisms were stored by freezing at −80°C in DMSO. To grow organisms for in vitro or in vivo experimentation, a sterile loop was touched to the frozen stock and used to streak out two blood agar plates. Plates were incubated at 37°C overnight. Ten isolated colonies were picked and inoculated into a 50 ml conical tube (Becton-Dickinson; Franklin Lakes, NJ), containing 10 ml of Brain-Heart Infusion (BHI) media. The tube was incubated at 37°C with rotary agitation (250 rpm) for 3.5 h. The top 5 ml was drawn off and used to inoculate a 200 ml Erlenmeyer flask containing 45 ml of BHI. This flask was incubated at 37°C with agitation (200 rpm) on a G24 Environmental Incubator Shaker (New Brunswick Scientific Co., New Brunswick, NJ) for 2.5 h to produce late log-phase organisms. After 2.5 h, the flask was placed on ice to retard further growth of the bacteria. To estimate the number of organisms/ml for inoculation into mice, an appropriate dilution of the desired culture was made in 10% paraformaldehyde and counted in a Petroff-Hausser counter.
The culture was diluted with 0.9% sterile, pyrogen-free saline (Hospira; Lake Forest, IL) in an endotoxin-free, sterile vial to obtain the desired concentration of organisms/ ml. Viable counts on blood agar were used to determine the actual number of colony-forming units (CFUs) per ml, and to calculate the precise inoculum injected. For in vivo inoculation, mice were injected intraperitoneally (i.p.) with the desired dose using a 26 gauge needle in a 200 μl volume. Doses of bacteria were chosen which would permit survival of animals to indicated time points under different experimental conditions.
Pellet implantation surgery Mice were anesthetized with isoflurane and an area of the back was shaved. A 1-cm incision was made in the skin, and mice were implanted subcutaneously (s.c.) between the scapula with either a 25 mg (C57BL/6 mice) or a 75 mg (C3HeB/FeJ) morphine extended release pellet, a 30 mg naltrexone pellet, a placebo pellet or a morphine plus a naltrexone pellet. The difference in dose of morphine used for the two mouse strains is due to their different sensitivities to the opioid. Surgical staples were used to close the wound, and mice were allowed to recover under a heat lamp. Morphine pellets are used routinely by pharmacologists to yield a continuous supply of the drug without having animals experience episodes of withdrawal (Bryant et al. 1988a; Cheney and Goldstein 1971; Cerletti et al. 1976) . The dose of morphine in the blood using the 75 mg pellets is in the physiologic range measured in humans given morphine for analgesia, about 0.6 to 2.0 μg/ml (Bryant et al. 1988b; Feng et al. 2006) . The 30 mg naltrexone pellet is standard and dispenses a sufficient amount of drug to antagonize the morphine in both the 75 and 25 mg pellets.
Survival studies Susceptibility to infection was assessed by mortality. Mortality was scored for 7 days. The LD 50 values were previously determined (Breslow et al. 2011) .
Necropsy Mice were anesthetized with 100 μl of a 50 mg/ ml solution of sodium pentobarbital injected intramuscularly (i.m.). Blood was collected via cardiac puncture using a 22 gauge needle, into heparinized 3 ml syringes. 0.1 ml of blood or an appropriate dilution was plated on Levine Eosin Methylene Blue (EMB) agar plates and incubated at 37°C overnight. The number of colony forming units (CFU) were counted and expressed as CFU/0.1 ml blood. For plasma collection, heparinized blood was centrifuged at 12,000 x g for 10 min at 4°C, and the plasma layer removed to 1.5 ml Eppendorf tubes and frozen at −80°C until further use to determine levels of cytokines and chemokines. Mice were euthanized via cervical dislocation, and if desired, peritoneal exudate fluid (PEF) was collected by lavage with Hanks Balanced Salt Solution and frozen at −80°C until further use, also to determine levels of cytokines and chemokines. Organs were removed aseptically from individual animals and homogenized in 3 ml of ice-cold phosphate-buffered saline (PBS) in 14 ml round-bottom tubes (BD; Franklin Lakes, NJ), using a Tekmar Tissuemizer ® (Tekmar, Cincinnati, Ohio). Homogenates were serially diluted in sterile water and spread onto EMB agar plates and incubated at 37°C overnight. The number of CFU was counted and the results expressed as CFU/0.1 g tissue or CFU/0.1 ml blood. The limit of detection in undiluted samples was 30 CFU/0.1 g organ or 1 CFU/ 0.1 ml blood.
Trauma model
The method used to administer trauma to the mice has been previously described (Mackrell et al. 2001) . Briefly, the animals were anesthetized with inhaled isoflurane. The right femur of each mouse was fractured as follows. A 1.0 cm incision was made over the medial aspect of the right thigh. The femur was cleared of overlying connective tissue and fractured with sterile scissors. After hemostasis was achieved, the wound was closed with nonabsorbable sutures. The mouse was then bled 40% of total blood volume via a standard retro-orbital approach with a heparinized microcapillary tube. While under anaesthesia, if desired, mice were implanted with a morphine or a placebo pellet. Animals were infected with Acinetobacter 48 h after the surgery.
Cytokine measurement by Cytometric Bead Array (CBA) Levels of IL-6, IL-10, MCP-1, IFN-γ, TNF-α and IL12p70 in plasma were analyzed simultaneously in a multiplex assay using the Mouse Inflammatory Cytometric Bead Array (CBA) kit (BD Biosciences, San Jose, CA). The assay was carried out according to the manufacturer's instructions. Briefly, capture beads for the various cytokines and chemokines were mixed together to form a bead suspension. Fifty μl aliquots of the bead suspension was then incubated with 50 μl of sample plasma, and 50 μl of anti-murine phycoerythrin (PE) detection reagent for 2 h at room temperature in the dark. One ml of wash buffer was added to each assay tube and centrifuged at 200 x g for 10 min. Supernatants were discarded and 200 μl of wash buffer was added to resuspend the bead pellet. For each sample, 300 events per capture bead were gated and analyzed on a BD FACScan flow cytometer calibrated with set-up beads (provided by the manufacturer) for optimization of instrument settings at specific fluorescent intensities. Cytokine levels were quantified by comparison with standard curves generated by flow cytometric analysis of cytokine standards incubated with mixed capture beads and anti-murine PE detection antibody.
Peritoneal lavage Mice were euthanized by cervical dislocation and the skin was pulled away to expose the peritoneum. A 1 ml volume of ice-cold Mg ++ Ca ++ free Hank's Balanced Salt Solution (Invitrogen, Carlsbad, CA) was injected intraperitoneally. Peritoneal exudate fluid (PEF) was collected using a 22 gauge needle into a 1.5 ml Eppendorf tube. PEF was centrifuged at 12,000 x g for 10 min at 4°C. Supernatants were collected and frozen at −80°C until further use.
ELISA Levels of IL-17 and KC/CXCL1 were assessed in PEF or cell culture supernatants by a sandwich ELISA. IL-17 and KC/CXCL1 antibodies and reagents were purchased from R&D Systems (Minneapolis, MN) as IL-17 and KC/ CXCL1 Duoset ELISA Development kits. The assay was carried out according to the manufacturer's instructions. Briefly, a 96-well Costar (Corning, NY) plate was coated with the desired concentration of capture antibody, and incubated overnight at room temperature. The solution was aspirated and washed with 300 μl Wash Buffer three times. Reagent Diluent (1% bovine serum albumin in PBS; 300 μl) was added and incubated for 1 h when the plate was washed three times. 100 μl of diluted sample or standards were added to appropriate wells and the plate was covered and allowed to incubate for 2 h at room temperature. The plate was washed three times and 100 μl Detection Antibody was added to each well. The plate was covered, allowed to incubate for 2 h at room temperature, and followed by three washes. One hundred microliters of a working concentration of Streptavidin-horseradish peroxidase (HRP) solution was added to each well, the plate was covered and incubated for 20 min in the dark at room temperature. Three more washes were performed and 100 μl of Color Reagent Solution containing a 1:1 mixture of H 2 O 2 and tetramethylbenzidine was added to each well and the plate incubated 20 min in the dark at room temperature. Finally, 50 μl of Stop Solution containing 2 N H 2 SO 4 was added to all wells and the absorbance was read at 450 nm on an OMEGA microplate reader (BMG Labtech, Inc., Cary,NC). Levels of cytokines or chemokines were quantified in plasma or in PEF using standard curves generated within each experiment of the assay. Samples were run in duplicate.
Flow cytometry Peritoneal exudate cells were adjusted to contain 10 6 cells in 100 μl PBS containing 2% bovine serum albumin (FACS Buffer). Samples were blocked to prevent non-specific antibody binding via the Fc receptor using rat anti-mouse CD16/CD32 (Mouse Fc Block; BD; Franklin Lakes, NJ), by adding 2 μl Fc Block to each sample and incubating for 15 min at 4°C. The cells were incubated for 30 min at 4°C with pre-titrated, optimal concentration of 2 μl PE-F4/80 (eBioscience, San Diego, CA), FITC-Ly6G, and APC-CD-11b (BD Biosciences, San Diego, CA). After the incubation, cells were washed twice with 500 μl of FACS Buffer and the cells were centrifuged at 250 x g for 5 min after each wash. After the last wash, 200 μl of FACS buffer was added followed by 200 μl of 4% paraformaldehyde in 0.9% saline to fix the cells. Data was collected from 50,000 gated live cells on a BD FACSCalibur flow cytometer (BD; Franklin Lakes, NJ). Data were analyzed using FloJo software (Tree Star; Ashland, OR).
Statistical analyses Data were analyzed using SAS V9.1 (Cary, NC) by John Gaughan, Ph.D. at the Biostatistics Consulting Center at Temple University. The dependent variables, cell counts, marker levels, etc. were treated as continuous variables for all analyses. Means, standard deviations, and number of observations were presented for each variable. The experimental unit was each individual animal or culture samples. The experiments used a factorial design with each animal evaluated at individual time points. The null hypothesis was that there would be no difference between or within treatment groups over time. Prior to analysis, data were tested for normality using the ShapiroWilk test. If the data were significantly non-normal, a 'normalized-rank' transformation was applied to the data. The rank-transformed data were analyzed using a mixed-model ANOVA with or without repeated measures followed by multiple comparisons to detect significant differences between means (treatment groups and times). Multiple pairwise comparisons (treatment groups and times) were not adjusted for Type 1 error. Two-group experiments were analyzed using t-tests and Wilcoxon rank sums test for nonnormal distributed dependent variables. Survival studies were carried out using Kaplan-Meier Product Limit estimation. Between group differences were tested using the log rank test. A p-value of 0.05 was used for statistical significance in all studies.
Results

Effect of morphine on acinetobacter infection
The hypothesis was tested that morphine would sensitize to Acinetobacter infection. To test this premise, mice of two different strains were implanted with morphine pellets, challenged 48 h later with sub-lethal doses of one of two strains of Acinetobacter, and scored for survival. As shown in Table 1 , deaths occurred only in mice that had received morphine. Both strains of Acinetobacter resulted in mortality of morphine treated animals. When the results are considered in aggregate, mice that had received a morphine pellet were significantly sensitized to infection, with 14/27 dead, whereas all placebo treated mice survived (0/23 dead). To further investigate this observation, the study was repeated in both mouse strains using the opioid-receptor antagonist, naltrexone. Groups of mice received a morphine pellet, a placebo pellet, a naltrexone pellet, or both a naltrexone and morphine pellet 48 h before i.p. challenge with A. baumannii, strain 5798. As shown in Table 2 , morphine resulted in 100% mortality in C57BL/6 mice and 40% mortality in C3HeB/FeJ mice, whereas all placebo and naltrexone treated animals survived. Naltrexone blocked the morphine-mediated sensitization to infection, showing that sensitization is opioid-receptor dependent.
To examine the mechanism of morphine mediated sensitization to infection, studies investigated whether morphine had any direct effect on the growth or viability of Acinetobacter in vitro. As shown in Fig. 1 , the presence of morphine in the culture medium had no effect on the growth of the bacteria, as measured either by optical density of the culture medium (Fig. 1a) or by viability, as measured by colony counts (Fig. 1b) .
Morphine mediated increase in Acinetobacter burdens
Survival data showing sensitization to infection by morphine were corroborated by assessing bacterial burdens in the organs and blood of infected mice that received the drug, as compared to animals given placebo. All animals were challenged i.p. with A. baumannii, 48 h after morphine pellet implantation. Based on results obtained from kinetic studies of bacterial burdens carried out previously (Breslow et al. 2011) , animals were sacrificed at 12 h after Acinetobacter infection, at which time lungs, livers, spleens, and blood were collected for necropsy. Experiments were carried out in both C57BL/6 and C3HeB/FeJ mice. As shown in Fig. 2a , morphine treated C57BL/6 mice had a statistically significant increase in bacterial burdens over placebo-treated mice in lungs, spleen, and blood, with a strong trend towards significance in liver. Similar results were observed in C3HeB/FeJ mice ( Fig. 2b) , where a statistically significant increase in bacterial burdens in morphine-treated mice was observed in lungs, livers, and blood with a trend toward statistical significance in the spleen. These data show that morphine potentiates Acinetobacter bacterial growth and burdens in the organs and blood of both C57BL/6 and C3HeB/FeJ mice.
Morphine mediated increase in inflammatory mediators
Studies were carried out to test the effect of morphine on levels of inflammatory cytokines and chemokines in plasma following Acinetobacter infection. C57BL/6 or C3HeB/FeJ mice were implanted with either a morphine pellet or a placebo pellet and were challenged i.p. 48 h after pellet implantation with a sub-lethal dose of A. baumannii strain, 5798. At 8 h post-infection, plasma was collected and analyzed using a multiplex Cytometric Bead Array (CBA) assay for mouse pro-inflammatory cytokines. Treatment of C57BL/6 mice with morphine before infection resulted in increased levels of all cytokines tested except IFN-γ (Fig. 3a) . In C3HeB/FeJ mice (Fig. 3b) , morphine treatment caused a significant increase only in IL-10, IL-12p70, IFN-γ, and TNF-α. C3HeB/FeJ and C57BL/6 mice differed in their MCP-1 response after morphine, with the former showing suppression, and the latter an increase. Additionally, no effect of morphine on IL-6 production was observed in C3HeB/FeJ mice.
Morphine mediated suppression of neutrophil responses, IL-17, and KC/CXCL1 to Acinetobacter infection
Due to the rapidity of the Acinetobacter infection in morphine-treated mice, it was hypothesized that the effect of the drug was likely to be on neutrophil recruitment or on levels of chemokines that recruit neutrophils. This hypothesis was tested by quantitating the neutrophil response to Acinetobacter in morphine, as compared to placebo treated animals. Strain 4502 was selected for these studies, as previously this strain was used to examine the effect of Acinetobacter infection without morphine on neutrophils and IL-17 levels (Breslow et al. 2011) . At 12 h post-infection, peritoneal exudate cells (PECs) were collected and stained for Gr-1 (neutrophil marker), F4/ 80 (macrophage/monocyte marker), and CD11b (also called Mac-1; neutrophil and macrophage marker). Morphine suppressed the total numbers of cells present in the peritoneal cavity in comparison to placebo treated controls (Fig. 4a) . Morphine also suppressed both the percentage (Fig. 4b) and total numbers of neutrophils (Fig. 4c) , as well as the total numbers of macrophages (Fig. 4e) within the peritoneal cavity at this same time point. There was no effect observed on the percentage of macrophages in the peritoneal cavity (Fig. 4d ). These results demonstrate that morphine suppressed the numbers of neutrophils and macrophages responding to the site of infection at 12 h post-infection, suggesting that morphine may interfere with the chemotaxis of cells to the infected site.
KC/CXCL1 is the rodent homologue of human IL-8 and is recognized as one of the major chemokines that recruit neutrophils. It has been shown that IL-17 induces KC/ 5 CFU). Organs and blood were harvested at 12 h postinfection for necropsy. Points represent individual animals. Lines are median values for bacterial burdens. Symbols on the X-axis represent animals whose Acinetobacter burden was below the detectable limit of 30 CFU/0.1 g tissue or 1 CFU/0.1 ml blood Fig. 1 Morphine does not affect the growth or viability of A. baumannii, in vitro. A. baumannii, strain 5798, was cultured in Brain Heart Infusion (BHI) in the presence or absence of a 6-log 10 fold dose range of morphine and evaluated spectrophotometrically for growth (Panel a) or plated on BA plates to determine viability by CFU (Panel b). There was no statistically significant difference in growth rate of morphine treated cultures as compared to control cultures CXCL1 (Witowski et al. 2004) . The impact of morphine on this circuit during Acinetobacter infection was examined by measuring levels of IL-17 and KC/CXCL1. C3HeB/FeJ mice were implanted with either a morphine pellet or a placebo pellet 48 h before i.p. infection with A. baumannii, strain 4502. At 6 and 12 h following infection, mice were euthanized and peritoneal exudate fluid was harvested for analysis by ELISA. As shown in Fig. 5 , morphine pellets caused a significant reduction in the amount of IL-17 and KC/CXCL1 produced in the peritoneal cavity at 12 h post-infection. No difference was seen at the 6 h time point. The morphine mediated suppression of both IL-17 and KC/CXCL1 at 12 h postinfection suggests that the opioid may decrease the numbers of neutrophils responding to infection by suppressing the levels of this cytokine and this chemokine.
The effect of genetic deletion of IL-17 was assessed in animals given a morphine pellet (Fig. 6) . The absence of IL-17 in mice given morphine did not alter the effect of the opioid on bacterial burdens in lung, liver or spleen. There was no statistically significant difference between the wildtype and IL-17 KO animals.
Effect of trauma alone or with morphine on Acinetobacter infection
The effect of trauma on Acinetobacter infection was assessed using a standard model employing a femur break Table 3 , trauma alone did not sensitize to Acinetobacter infection in two strains of mice challenged with two different strains of Acinetobacter.
In addition, infection was tested at three different times after the trauma, immediately, and one or seven days post trauma. These studies were extended to test the hypothesis that morphine plus trauma would have an added or synergistic effect in sensitizing to Acinetobacter infection. As shown in Fig. 7 , there was no significant difference in Acinetobacter burdens in organs of animals given morphine alone or morphine plus trauma.
Discussion
These studies addressed a possible link between morphine administration, trauma, and the increased incidence of infection with MDR A. baumannii both in hospital ICUs and on military bases. Morphine is well documented to induce immunosuppression and is routinely administered on the battlefield for wounds. Trauma and surgery are also known to lead to immunosuppression (Kimura et al. 2010) , to development of sepsis and multiple organ dysfunction (Roumen et al. 1993) , and to sensitization to infection (Mack et al. 1997) . Soldiers suffering wounds from improvised explosive devices can expect to receive morphine, have hemorrhagic loss of blood, and subsequent surgery, all conditions that could lead to depressed immune responses and increased susceptibility to bacterial infection. The results presented in this paper show that treatment of two strains of mice with morphine for 48 h resulted in increased susceptibility to two different strains of A. baumannii, as measured by mortality, bacterial burdens in organs and blood, and increased pro-inflammatory cyto- Fig. 3 (continued) kines in plasma. Traumatic injury caused no further modulation of infection in comparison to animals that were treated with morphine alone. The studies suggest that the mechanism by which morphine sensitizes to infection is through a decrease in the number of neutrophils mobilized in response to Acinetobacter infection. Results of survival studies using morphine treated mice showed that the opioid sensitized to Acinetobacter infection through a mu-opioid receptor mediated mechanism, as naltrexone blocked the effect of the drug. This result is consonant with the literature where the implantation of slow-release morphine pellets has been shown to sensitize to other microbes. MacFarlane et al. reported that morphine pellets resulted in dramatic sensitization of mice orally challenged with Salmonella typhimurium, which correlated with increased numbers of bacteria recovered in the spleens, livers, Peyer's patches, and mesenteric lymph nodes following infection (MacFarlane et al. 2000) . Wang et al. showed that morphine pellets increased the number of Streptococcus pneumoniae recovered in the spleen at 4 h post-infection, and in the blood, lung tissue, and bronchoalveolar lavage (BAF) fluid at 24 and 48 h (Wang et al. 2005) . In addition to the morphine pellet implantation paradigm, morphine injections have also been shown to increase the burdens of other infectious organisms recovered from animals, including Candida albicans and Klebsiella pneumonia (Tubaro et al. 1983 ), Plasmodium berghei (Singh et al. 1993) , Leishmania donovani (Singh and Singal 2007; Singal et al. 2002) , and Listeria monocytogenes (Asakura et al. 2006) . While the effect of morphine on Acinetobacter infection was measurable, it was not as robust as observed in some of the other infection models such as Salmonella and S. pneumoniae.
In the present Acinetobacter studies, organisms were inoculated by the intraperitoneal route, which resulted in colonization and growth of these organisms in distant organs, including the lungs, liver and spleen of morphine treated animals. Organisms were also consistently cultured from the blood of mice given morphine. In a previous study exploring the intraperitoneal inoculation model in greater depth (Breslow et al. 2011 ), higher inoculating doses of Acinetobacter were used, and a persistent Acinetobacter septic state was observed in blood of animals not given morphine. Thus, it is our interpretation that the organisms inoculated intraperitoneally traveled via the bloodstream to the lung and other organs, simulating sepsis that is a documented outcome in humans infected with Acinetobacter (Scott 2004; Wisplinghoff et al. 2004) . In limited studies using intratracheal inoculation of mice (unpublished studies), it was found that Acinetobacter seeded to distant organs and could be cultured from the blood. Thus, this organism has the capacity to spread systemically, regardless of whether the infection is initially mucosal or nonmucosal. Other investigators have also shown that intranasally inoculated animals have seeding of these bacteria to distant organs (Van Faassen et al. 2007) .
Morphine was also shown in the present studies to alter the levels of pro-inflammatory cytokines following Acinetobacter infection. Morphine treated mice had elevated levels of IL-10, IL-12p70, and TNF-α in comparison to placebo controls. Interestingly, MCP-1 was increased in morphine treated C57BL/6 mice, but was decreased in the C3HeB/FeJ strain. The reason for this mouse strain difference is not known. The generally increased levels of pro-inflammatory cytokines is probably a reflection of the increased Acinetobacter burdens in the organs of morphine treated animals, resulting in a more robust innate immune response mounted by the host in order to eliminate the replicating pathogen. As far as we are aware, there are no publications reporting measurement of cytokine levels in humans infected with Acinetobacter. The differences we observed in the response of mouse strains to this organism could be an indication of possible variation in human responses during infection. The observation that morphine treatment enhances the levels of pro-inflammatory cytokines in infection of mice has precedent. In studies in which C3HeB/FeJ mice were implanted with morphine pellets and challenged with Salmonella, mRNA levels for IL-12p40, IFNγ, TNF-α, and iNOS were increased at 40 h postinfection in the Peyer's patches in comparison to placebo treated mice, and this enhancement could be reversed by the addition of naltrexone (MacFarlane et al. 2000) . In another study the chronic treatment of mice with slowrelease pellets, followed by intranasal challenge with S. pneumoniae caused a decrease in lung and BAF levels of TNF-α, IL-1, IL-6, MIP-2, and KC/CXCL1 at an early time point of 4 h post-infection, but by 24 and 48 h postinfection, the levels of all of these molecules were increased in comparison to placebo treated controls (Wang et al. 2005) . In regard to the mechanism of morphine action, a direct impact on the growth or viability of A. baumannii strains was ruled out. No direct effect of morphine sulfate was found when it was added to in vitro cultures of A. baumannii over a 10 6 -fold dose range, as measured by optical density and viability at various times over a 24 h period. The rapidity of infection suggested that protective immunity lies within the innate arm of the immune response. The current studies support this hypothesis as morphine was shown to result in a statistically significant decrease in the percentage and number of neutrophils recovered from the peritoneal cavity of infected mice. While the percentage of macrophages did not change, the reduced number of total cells recovered from morphine treated mice resulted in a significant decrease in the total number of macrophages recovered. The observed decrease in macrophage numbers may be a result of morphinemediated apoptosis. Morphine has been shown to increase apoptosis of a macrophage cell line, and increases apoptosis of macrophages harvested from morphine-treated mice (Yin et al. 1999; Singhal et al. 2002) . The observation of a decrease in neutrophils is in agreement with the effect of morphine on neutrophils following S. pneumoniae infection in the lung and BAF at 4, 6, and 24 h post-infection (Ma et al. 2010; Wang et al. 2005 ). In addition, morphine injections have been shown to decrease the number of neutrophils (Shirzad et al. 2009 ) and to decrease neutrophil chemotaxis in a wound incision model (Clark et al. 2007; Martin et al. 2010 ). In the absence of infection, opioids have been shown to decrease the response of human monocytes to chemokines by a mechanism of heterologous desensitization between opioid and chemokine receptors (Szabo et al. 2003; Grimm et al. 1998) . Morphine pellet implantation has also been shown to decrease leukocyte rolling and adhesion to the arteriole and venule walls of the murine vasculature, an effect that could be reversed by treatment with the antagonist naltrexone (Ni et al. 2000) . Thus, morphine treatment may impede neutrophil recruitment in one of several ways, directly by interfering with chemokine signaling, and indirectly by preventing egress of the cells from the vessels into the peritoneal cavity.
The present studies are the first documentation of a morphine-mediated decrease in neutrophil recruitment following systemic infection with A. baumannii, and they fit with the observation that depletion of neutrophils with antibodies also sensitizes to this organism (Breslow et al. 2011) .
The hypothesis was pursued that a mechanism by which morphine might decrease neutrophil influx was by decreasing chemokine levels. As Acinetobacter was previously shown to induce high levels of IL-17 and KC/ CXCL1 (Breslow et al. 2011) , the effect of morphine on these proteins was assessed. It was found that morphine pellets suppressed the levels of IL-17 and KC/CXCL1 produced in PEF of C3HeB/FeJ at 12 h post-infection, while no difference was observed at 6 h. Similar experiments were not carried out in C57BL/6 mice but would have been desirable. The 12 h time point correlated with the time of morphine-mediated exacerbation of the Acinetobacter burdens. Similar results have been observed in a pneumonia model of S. pneumoniae infection, where implantation of morphine pellets 24 h before intranasal infection with S. pneumoniae resulted in suppression of IL-17 (Ma et al. 2010) and KC/CXCL1 (Wang et al. 2005) in the lung tissue at 6 h post-infection, a time that corresponded with a decrease in neutrophils and an increase in the number of S. pneumoniae recovered in the lungs and blood. Thus, the studies on the effect of morphine on two different bacterial infections in regard to the IL-17 circuit yielded similar results. Interestingly, however, IL-17 appears not to be sufficient for protection against Acinetobacter, as bacterial burdens in organs of IL-17 C57BL/6 KO mice were not different from those of wild-type mice given morphine. Similar results were previously obtained when IL-17 was tested as a factor in progression of Acinetobacter infection given by the intraperitoneal route to animals not treated with morphine (Breslow et al. 2011) . It was hypothesized that deletion of a single chemokine that signals PMN recruitment may not be sufficient to give strong sensitization to Acinetobacter due to by-pass pathways using other chemokines (Breslow et al. 2011) . While the current studies did not address the source of the IL-17, the rapid appearance of this cytokine within 4 h of Acinetobacter infection, suggests that a cell in the innate immune system is poised to produce it upon initial contact with the pathogen, rather than via induction of Th17 cells (Matsuzaki and Umemura 2007) . Indeed, γ/δ T cells have been shown to produce IL-17 in the early hours following challenge with E. coli (Shibata et al. 2007) , Mycobacterium tuberculosis (Lockhart et al. 2006) , and Listeria monocytogenes (Riol-Blanco et al. 2010; Meeks et al. 2009 ). Similarly, Natural Killer T cells (NKT) have been shown to rapidly produce IL-17 upon stimulation (Rachitskaya et al. 2008) . Both of these cell types are found at mucosal surfaces, including the peritoneal cavity, where we observed the presence of IL-17 producing cells. The present studies also investigated, in a limited set of experiments, the effect that traumatic injury may play as a cofactor in sensitizing morphine treated mice to Acinetobacter infection. As many of the Acinetobacter infected military personnel also suffered wounds and trauma, these are important variables to examine when investigating increased incidence of infection during combat. The literature suggests that traumatic injury causes immunomodulation that may play a role in sensitizing to infection and sepsis (Lenz et al. 2007; Moore and Moore 1995) . Studies suggest that macrophage responses are dampened one day following trauma and then rebound with excessive inflammatory responses at 7 days following injury (McCarter et al. 1998; Monroy et al. 2007; Mackrell et al. 2001) . In the present studies trauma alone had no effect on Acinetobacter infection when the inoculation was given immediately after the trauma, one day later or 7 days later. To test the effect of morphine plus trauma, animals were infected 48 h after morphine pellet implantation, femur break and partial hemorrhage. Using this time frame, no additional effect of the trauma was found on sensitization to Acinetobacter infection. The possibility cannot be ruled out that use of other time frames with regard to morphine, trauma, and time of challenge might yield a positive interaction.
The immunosuppressive effects of opioids have been well documented in the literature. The current studies add to this evidence by demonstrating that morphine sensitizes to systemic A. baumannii infection. These results suggest that clinicians should take a proactive approach in preventing A. baumannii infection in patients receiving opioid analgesics. Fig. 7 Trauma does not increase bacterial burden in morphine treated mice. C3HeB/FeJ female mice received trauma, followed immediately by implantation of either a slow-release morphine pellet or a placebo pellet. After 48 h, all mice received an ip inoculation of 0.18 to 0.25 LD 50 A.baumannii, strain 4502 (7.63×10 5 to 1.06×10 6 CFU). At 12 h post infection, mice were euthanized and organs harvested for necropsy. Horizontal lines indicate median values for data points. Data are pooled from 2 experiments. Trauma + morphine vs morphine alone = Not significant
